Motional Ground State Cooling Outside the Lamb-Dicke Regime by Yu, Yichao et al.
Motional Ground State Cooling Outside the Lamb-Dicke Regime
Y. Yu,∗ N. R. Hutzler,† J. T. Zhang, L. R. Liu, T. Rosenband, and K.-K. Ni‡
Department of Chemistry and Chemical Biology,
Harvard University, Cambridge, Massachusetts, 02138, USA
Department of Physics, Harvard University, Cambridge, Massachusetts, 02138, USA and
Harvard-MIT Center for Ultracold Atoms, Cambridge, Massachusetts, 02138, USA
(Dated: August 11, 2017)
We report Raman sideband cooling of a single sodium atom to its three-dimensional motional
ground state in an optical tweezer. Despite a large Lamb-Dicke parameter, high initial temperature,
and large differential light shifts between the excited state and the ground state, we achieve a
ground state population of 81(4)% after 100 ms of cooling, for the 85% of atoms that survive cooling
and re-imaging. Our technique includes addressing high-order sidebands, where several motional
quanta are removed by a single laser pulse, and fast modulation of the optical tweezer intensity.
We demonstrate that Raman sideband cooling to the 3D motional ground state is possible, even
without tight confinement and low initial temperature.
Trapped neutral atoms, assembled in an array of opti-
cal tweezers, are a promising platform to study quantum
information and quantum simulations [1–7]. The inher-
ent single-particle detection and control, combined with
tunable interactions, allow implementations of neutral-
atom-based quantum logic gates [3, 4], novel quantum
phases [6], and single-photon switches [8, 9]. Advances
in real-time re-arrangement of optical tweezers enable
rapid preparation of atoms in large and complex geome-
tries [10, 11]. Quantum motional control of individual
atoms [12–16] enable studies of the atomic Hong-Ou-
Mandel effect [17], high-fidelity single qubit gates [18],
and efficient coupling of single atoms to photonic crystal
cavities [19].
Extending optical tweezer arrays to include polar
molecules will open a range of new applications that
exploit long-lived molecular internal states and tunable
long range interactions [20–22]. Molecules could be as-
sembled from atom pairs in optical tweezers [15], or di-
rectly loaded from magneto-optical traps (MOTs) [23–
25]. For either approach, preparing the constituent atoms
or molecules in the lowest motional quantum state is im-
portant to realize long coherence times in quantum ap-
plications.
Preparation of single atoms in the motional ground
state has been achieved in optical tweezers [13–16] us-
ing Raman sideband cooling (RSC) [26–28]. However,
RSC in these systems takes place in the Lamb-Dicke (LD)
regime, where the spread of the initial wavefunctions is
smaller than the reduced wavelength of light (λ) used to
address them. Systems with a large RMS position spread
(zrms), either due to small mass or high initial temper-
ature, fall outside of the LD regime and undergo strong
recoil heating during RSC. In this letter we demonstrate
cooling of single sodium atoms in optical tweezers, ini-
tially outside the LD regime (zrms/λ = 4.0), to the mo-
tional ground state. We achieve a 3D ground state pop-
ulation of P0 = 81(4)% by cooling via high-order side-
bands in a carefully optimized cooling sequence. Our
approach is general and applicable to other systems. Ex-
tending RSC beyond the LD regime opens the possibility
for ground state cooling of systems such as light atoms
and molecules that can be laser-cooled.
Our experiment has an overall repetition rate of 2.5
Hz and begins by loading a single sodium atom into an
optical tweezer from a MOT [29]. The tweezer is created
by focussing a 700 nm wavelength laser beam through
an NA=0.55 objective to an elliptical waist with radii
{w0,x, w0,y} ≈ {0.79, 0.57}µm. For 45 mW of optical
power, the trapping frequencies along the three axes are
{ωx, ωy, ωz}/2pi = {430(4), 590(5), 69(1)} kHz, where z
is the weakly confined axial direction, and x and y are
the tightly confined radial directions. After each sin-
gle atom loading attempt, a first image is taken with a
1.5 ms exposure time to determine success, which oc-
curs about 50% of the time due to the loading mecha-
nism [1]. During imaging, the atom is cooled via polar-
ization gradient cooling (PGC), which reduces the tem-
perature of the single atom to 70 µK, corresponding
to mean motional states along the three trap axes of
{n¯x, n¯y, n¯z} = {3.4(2), 2.5(2), 21(2)}, and therefore ini-
tial 3D ground state probability of P0 = 0.3%. The atom
is then initialized into the |F = 2,mF = −2〉 stretched
state via optical pumping (OP). Each experimental cycle
ends with a second imaging sequence that measures the
hyperfine state of the atom as |F = 2〉 or |F = 1〉 [30].
The data analysis includes only those experiments where
the first image reveals successful atom loading.
To reduce the temperature of the single atom and
achieve high ground state population, we apply Raman
sideband cooling [13, 26]. The energy levels, cooling se-
quence, and Raman beam geometries are shown in Fig. 1.
RSC consists of two steps: driving a coherent Raman
transition to remove motional quanta, followed by reset-
ting the atom’s internal state via OP. These steps are
repeated, until the motional ground state is populated
with high probability.
Specifically, Raman transitions are driven in 23Na be-
ar
X
iv
:1
70
8.
03
29
6v
1 
 [p
hy
sic
s.a
tom
-p
h]
  1
0 A
ug
 20
17
2··
·
|2,−2;n〉
|2,−2;n−1〉
32S1/2
∆3
2P3/2
ΩF2
58
9
n
m
··
·
|1,−1;n〉
|1,−1;n−1〉δ
ΩF1
ω
32P1/2
ΓOP
Raman F2
(R3)
42◦OP
Raman F2(R1)
Raman F1(R2)
Raman F1(R4)
B field
Tweezer
Axial z
m-th
order
(m− 1)-th
order
m-th
order
(m− 1)-th
order
m-th
order
(m− 1)-th
order
m-th
order
(m− 1)-th
order
Radial x
pulse 1 pulse 2
Radial y
pulse 1 pulse 2
Tweezer
Raman
Optical
pumping
t
One cooling cycle
(A) (B) (C)
FIG. 1. Single Na atom Raman sideband cooling scheme and sequence. (A) The Raman transitions between |2,−2;n〉 and
|1,−1;n + ∆n〉 have a one-photon detuning ∆ = 25 GHz below the 32S1/2 to 32P3/2 transition. Two-photon detuning, δ, is
defined relative to the ∆n = 0 carrier transition. For optical pumping, we use two σ− polarized transitions, one to pump the
atom state out of |1,−1〉 via 32P3/2 and one to pump atoms out of |2,−1〉 via 32P1/2 to minimize heating of the |2,−2〉 state.
(B) Geometry and polarizations of the Raman and optical pumping beams relative to the optical tweezer and bias magnetic
field. Raman beams R1 and R4 address the radial x-mode. R1 and R2 address the radial y-mode. R3 and R4 address the
axial z-mode, where the beams also couple to radial motion, but this coupling can be neglected when the atoms is cooled to
the ground state of motion. (C) Schematic of the cooling pulse sequence. The tweezer is strobed at 3 MHz to reduce light
shifts during optical pumping [29]. Each cooling cycle consists of 8 sideband pulses. The four axial pulses address two sideband
orders. The two pulses in each radial direction either address ∆n = −2 and ∆n = −1 or have different durations to drive
∆n = −1, at the end of the cooling sequence when most of the population is below n = 3. The Raman cooling and spectroscopy
pulses have Blackman envelopes to reduce off-resonant coupling, while the measurement Rabi pulses in Fig. 3(B,C) and 4(B,C)
have square envelopes to simplify analysis.
tween the hyperfine states |2,−2〉 and |1,−1〉 in the pres-
ence of an 8.8 G magnetic field. The external field is
orthogonal to the effective magnetic field of the tweezer,
to reduce vector light shifts [13, 14]. Subsequently, an
OP pulse, which consists of two frequencies both with
σ−-polarization, is applied to bring the atom out of the
F = 1 manifold and back to |2,−2〉 via spontaneous emis-
sion (Fig. 1A). It is important that the optical pumping
step scatter as few photons as possible to minimize recoil
heating. Therefore, to optically pump atoms from |2,−1〉
into |2,−2〉 while keeping the target state dark, we apply
light resonant with 32P1/2 [26, 31] [32].
During optical pumping, photon recoil can lead to sig-
nificant heating, especially along the weakly-confined ax-
ial direction (z). For an atom starting in an axial mo-
tional level ninit, the probability to end in another axial
state n after absorbing and re-emitting one photon is de-
termined by an angular integral of the squared matrix
element |〈ninit|ei∆kOP z|n〉|2 [33]. Here ∆kOP is the wave
vector difference between absorbed and emitted photons,
projected onto the z-axis. As shown in Fig. 2A, the prob-
ability of gaining motional energy during OP grows with
ninit, and is an important effect for sideband-cooling out-
side the Lamb-Dicke regime.
Fortunately, the large LD parameters in our sys-
tem also provide opportunities to overcome OP heat-
ing. The LD parameter for Raman transitions is de-
fined as ηR ≡ ∆kz0, where ∆k is the wave vector dif-
ference between the two beams that drive the Raman
transition. Here z0 =
√
~/(2mω) is the ground state
wavefunction spread (m is the atomic mass). The Ra-
man transitions in our configuration have LD parameters
of {ηRx , ηRy , ηRz } = {0.341(2), 0.291(1), 0.40(1)}. To offset
heating from OP initially when n is large, higher-order
Raman sidebands (|∆n| > 1) remove several motional
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FIG. 2. Optical pumping motional-state redistribution and
Raman coupling for large LD parameters for the axial direc-
tion (z). The range plotted covers 95% of the initial thermal
distribution. (A) Motional state distribution after one OP
cycle for different initial states motion, ninit. Due to photon-
recoil and the large LD parameter, ηOPz = 0.6, there is a
high probability of n changing. (B) Matrix elements for Ra-
man transition deviate from
√
n scaling with multiple minima.
During cooling, we utilize the fact that high motional states
couple most effectively to sidebands with large |∆n|.
3quanta in a single cooling pulse (see Fig. 2B). Because
the coupling strengths of different orders do not reach
minima for the same state of motion n, using multiple
orders of sidebands avoids accumulations of population
near the coupling minima.
Taking the large motional-state changing heating and
cooling sources into account, it is not immediately clear
that ground-state cooling can be achieved. We therefore
use a Monte-Carlo simulation to guide our search [34].
In particular, we find that alternating the cooling pulses
(Fig. 1C) between two neighboring orders for the axial
direction and ∆n = −2 and ∆n = −1 for the radial
directions eliminates the accumulation of population in
motional states that have zero Raman coupling, which
would halt the cooling process. The simulation also in-
dicates that setting the coupling strength of each side-
band to drive a Rabi pi-pulse corresponding to the max-
imum matrix element motional state (i.e. the maxima
in Fig. 2B) yields efficient cooling, initially. The effi-
ciency of cooling on higher-order sidebands diminishes
as the atom approaches the ground state, so the final cy-
cles utilize only the ∆n = −1 sideband while alternating
between the three axes.
Guided by the simulation results, we construct our ax-
ial cooling sequence by starting at the two highest ob-
served sideband orders (∆n = −8 and ∆n = −7) and
decreasing the orders to the next pair after every 6 to
15 cycles. This process is repeated until ∆n = −1, and
most of the population is in the first few excited states.
We then switch to cooling only on ∆n = −1 with two
different pulse lengths in order to efficiently cool atoms
in the few remaining motional states. Radial cooling is
performed similarly to axial cooling with the initial cool-
ing of ∆n = −2 and ∆n = −1 and switching to ∆n = −1
only after 20 to 30 pulses. This sequence gives good ini-
tial cooling performance, which is then used to calibrate
experimental parameters, including the Rabi rates of the
Raman beams and optical pumping rates.
There are two additional important challenges in cool-
ing single sodium atoms. First, the initial tempera-
ture populates high motional states, causing the atoms
to sample the anharmonicity of the trap away from
the center. Anharmonicity may be defined as Ai,n =
(Ei,n+1−Ei,n)/h−ωi/(2pi) for each trap axis i, and cal-
culated from the quartic term of the optical tweezers via
perturbation theory. In the paraxial approximation, we
find Ai,n =
−3n~
4pimd2i
, where di equals the beam radius for
the radial directions and dz ≈ piw0,xw0,y/λtrap. Numer-
ically, {Ax,n, Ay,n, Az,n} = {−1.1,−2.0,−0.16}n kHz.
For mixed states, this broadens high-order sidebands due
to the n-dependence of the transitions. In order to mit-
igate this, we drive the sidebands with a large Rabi fre-
quency and short pulses to Fourier broaden the spectrum.
However, anharmonicity may still shift high-n states out
of resonance and prevent effective cooling.
Second, the tweezers cause a large light shift (as large
as 300 MHz) in the excited state. We address this by
strobing the trapping light at a rate of 3 MHz during
the whole cooling sequence, similar to our loading and
imaging process [29], while leaving OP on with constant
intensity. Due to the large light shift, the OP is effectively
off whenever the trap light is on. Since the atom is still
addressed by optical pumping light when the trap light
is off, OP remains effective.
Our final cooling results are shown in Fig. 3 and 4.
In total, 1000 cooling pulses (total duration 100 ms) are
applied along three axes with cooling beginning on the ra-
dial second order and axial eighth order. To characterize
the single atom thermal state before and after cooling, we
perform Raman sideband thermometry [26, 35]. For the
more tightly confined (non-degenerate) radial directions,
we observe clear ∆n = 1, ∆n = −1, and ∆n = −2 side-
bands before RSC, as is shown in Fig. 3A. After RSC, the
∆n = −1 and ∆n = −2 sidebands on both radial axes
are strongly reduced. The formula that equates the ratio
of ∆n = −1 and ∆n = 1 sideband heights to n¯/(n¯+1) (n¯
is the mean motional quantum number of the assumed
thermal state) was derived in the LD regime [26]. How-
ever, it is also valid outside the LD regime. The resulting
n¯x = 0.09(3) and n¯y = 0.05(2) correspond to ground-
state fractions of 92(2)% and 95(2)%, in agreement with
fitted values of 89(2)% and 92(2)% from the Rabi flop-
ping curves [35] in Fig. 3B and 3C. The initial temper-
ature of 70µK before RSC is obtained from similar fits.
For the weak axial direction, cooling is challenging be-
cause the atom starts outside the LD regime. We observe
up to 8th-order Raman cooling sidebands initially, which
indicates population in highly-excited motional states.
Nevertheless, our cooling sequence works efficiently as all
the ∆n < 0 sidebands are reduced after RSC (Fig. 4A).
Using the ratio of first-order sideband heights, we ob-
tain n¯z = 0.07(3), which corresponds to a ground state
population of 93(3)%, in agreement with a ground state
population of 91(2)% extracted from Rabi flopping when
∆n = 0 (Fig. 4B). For the ∆n = 1 sideband (Fig. 4C), we
observe additional decoherence that is more pronounced
due to the slower Rabi frequency. The decoherence rate
is consistent with magnetic field fluctuations of 1.5 mG
measured independently in the lab, which would produce
a Zeeman shift of ∼ 3 kHz.
Combining the axial and radial cooling results, a sin-
gle Na atom is in the 3D ground state with a probabil-
ity of 81(4)% after RSC. We note that there is an ad-
ditional 5% population loss from imaging and 10% loss
from high-lying initial motional states that are not ef-
ficiently cooled by RSC, but instead heated out of the
trap by off-resonant scattering from the Raman beams.
The cooling efficiency is limited by spontaneous scatter-
ing rate (3-15 kHz) from the Raman beams, as well as
spectral broadening from magnetic field fluctuations and
trap anharmonicity.
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FIG. 3. (A) Left to right: Radial Raman sideband spectrum of ∆ny = 1, ∆nx = 1, ∆nx = −1, ∆ny = −1, ∆nx = −2, ∆ny =
−2 before and after Raman sideband cooling. (B,C) Rabi flopping on axis y (B) carrier and (C) ∆ny = 1 sideband before (red
circle) and after (blue square) RSC. Solid lines in (B) and (C) are fits to a Rabi-flopping that includes a thermal distribution
of motional states [35] as well as off-resonant scattering from the Raman beams. The curves reach a maximum contrast of 85%
(horizontal dashed line) because 5% of atoms are lost from one imaging step to the next, and 10% of atoms are additionally
lost during Raman cooling. The blue lines correspond to a 1D ground state probability of 93% after cooling (not including
loss) and the red lines correspond to a thermal distribution of 70 µK before RSC.
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FIG. 4. (A) Left to right: Axial Raman sideband spectrum from ∆nz = 1, 0,−1, . . . ,−8 before and after Raman sideband
cooling. (B,C) Rabi flopping on axial (B) carrier ∆nz = 0 and (C) ∆nz = 1 sideband before (red circle) and after (blue
square) RSC. Solid blue lines in (B) and (C), similar to Fig. 3B and C, are fits to the Rabi flopping and yield a ground state
probability of 92% after cooling (not including the 15% population loss) and the red lines correspond to a thermal distribution
of 70 µK before RSC. The green line in (C), includes the additional decoherence due to a fluctuation of the hyperfine splitting
of magnitude 3kHz. We see that the decoherence effect is strongest for the post-cooling data on the ∆nz = 1 sideband where
the Rabi frequency is the lowest. The horizontal dashed line shows the overall survival after cooling and imaging.
We measure a heating rate that corresponds to decreas-
ing 3D ground state population at a rate of ∼ 0.9%/ms.
The rate is consistent with off-resonant scattering of the
trapping light [36], and is predominantly in the axial di-
rection where the trapping beam propagates.
We expect to reduce atom losses and enhance the
ground state probability after RSC by increasing the de-
tuning of the Raman beams, addressing a wider range of
axial trap anharmonicity, implementing better control of
the magnetic field, and optimizing imaging. Another im-
provement could be to implement grey molasses cooling
to achieve a lower starting temperature before RSC [37].
We have shown that despite the difficulty in achieving
a low optical cooling temperature of low mass sodium
atoms, three dimensional cooling with significant ground
state population can be achieved by using high-order Ra-
man sidebands in an optimized cooling sequence. These
techniques are well-suited for a large variety of systems
and open up a route to ground state cooling for other
species, including molecules and exotic atoms.
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